Ti-Al-V-doped Cr 2 O 3 green pigments could present a higher near-infrared (NIR) reflectance compared to pure Cr 2 O 3 . The amount of Ti and V introduced in the Cr 2 O 3 matrix has been systematically varied respectively, in order to evaluate the effects of Ti and V contents on the NIR properties of the doped Cr 2 O 3 . For comparison, experimental reflectance measurements and mean-NIR reflectance (7802000 nm) of samples are given. The results reveal significant variations in the NIR region as a function of nominal composition for both Ti-doped Cr 2 O 3 and V-doped Cr 2 O 3 . Moreover, the NIR reflectance of a Ti-Al-V-doped Cr 2 O 3 pigment sample was measured. It has been found that it exhibits lower NIR reflectance compared to that reported in previous study. The correlations between electronic structural and spectroscopic features are discussed. For the Ti-doped Cr 2 O 3 samples, the decrease of free carriers and the electronic transitions between defect energy levels within the band gap and the conduction band, could be responsible for the variable NIR reflectance. However, for V-doped Cr 2 O 3 , apart from light absorptions of free carriers, there are new light absorption peaks range from 1190 to 2000 nm, resulting in the variations of the NIR reflectance.
Introduction
High-intensity solar irradiation can potentially raise temperatures inside cars and buildings when their exterior surfaces absorb solar energy. Such unwanted heating increases the cooling loads for cities. 1) Solar radiation approximately consists of 5% UV radiation, 43% visible radiation and 52% NIR radiation (7802500 nm). 2) The NIR reflecting pigments when used to produce roofing materials, present a higher overall solar reflectance compared to conventionally pigmented materials of the same color. 3) Studies by the Lawrence Berkeley National Laboratory 4) found that increasing the solar reflectance of the roof building from 0.20 to 0.55 yields statewide average annual source energy savings per unit roof area of 30 MJ/m 2 , peak power demand savings of 2.1 W/m 2 , and cost savings of $6/m 2 .
One of the key components in cool coatings is the cool pigments. 5) TiO 2 , a white pigment with a high NIR solar reflectance of about 87.0%, 6) is the best pigment used for roofing materials. However, there is a need for cool non-white products because in many cases the aesthetics of darker colors is preferred. 7) Complex inorganic color pigments (CICPs) based on mixed metal oxides which have high NIR reflectance are developed as cool pigments. 5) Cr 2 O 3 complex green pigments (CCGP) have been commonly used in the green cool coatings for roofs. Recently, various works have been reported for the preparation of CCGP which have high NIR reflectance. Based on Cr 2 O 3 , Sliwinski TR et al. 8) have developed a wide range of different complex color pigment systems with high NIR reflectance. Selvam S et al. 9) have developed high NIR reflective rare earth doped Cr 2 O 3 pigment with environmentally benign characteristic. However, the cost of the rare earth compounds used for synthesizing of pigments is rather high and therefore is not economically viable. Thongkanluang However, there are few papers published on the correlation between NIR reflectance and compositions of Ti-doped Cr 2 O 3 and V-doped Cr 2 O 3 . The reflectance of a material can be affected by a combination of factors, such as chemical composition, particle size, particles distribution, particle shape and refractive index of the material. 11) Refractive index is associated with a material's electronic structure. 12) This means that the doped Cr 2 O 3 green pigments with different amounts of dopant could differ in their ability to reflect in the NIR region. Therefore, it is necessary to have a better understanding of the roles of guest components TiO 2 and V 2 O 5 playing in the NIR reflective properties of CCGP, in order to help developing new cool CCGP.
The first aim of this study is to investigate, for the first time, the NIR reflectance of Ti-doped Cr 2 O 3 and V-doped Cr 2 O 3 as a function of composition, respectively. Moreover, the NIR reflectance of a powder sample (with a Cr 2 O 3 TiO 2 Al 2 O 3 V 2 O 5 composition of 80, 4, 14 and 2 wt %, respectively), were analysed by comparing with the result reported by Thongkanluang T et al. 10) Finally, the electronic properties of this series of pigments are correlated with experimental NIR measurements, to account for the observed trends in reflectance.
Experimental section

Pigment preparation
The nominal compositions and nomenclatures of the ten samples are shown in Table 1 . These pigment samples were prepared by the conventional solid state reactions following a procedure previously reported, 2),10) which can be summarised as follows. Stoichiometric commercial grade raw materials of Cr 2 O 3 (99.9%), Al 2 O 3 (99.9%), TiO 2 (99.9%) and V 2 O 5 (99.9%) were homogenized by wet milling in ethanol. Residual ethanol was removed by evaporation drying in an oven at about 80°C. The dried powders were then calcined in static air at temperature of 1150°C for 30 min of permanence at the this temperature. The heating of the furnace was programmed to increase the temperature at 4°C/min. The ensuing pigment powders were ground in an agate mortar.
Characterization techniques
The crystalline structure and phase purity of the synthesized samples were characterized by powder X-ray diffractive (SHIMADZU XRD-7000) with Ni-filtered Cu-K¡ radiation ( = 0.154056 ¡). Datas were collected by steps scanning over a 2ª range from 20 to 80°with a step size of 0.02°and 5 s counting time at each step. The shapes of the synthesized samples was recorded on a scanning electron microscope (SEM) JEOL JSM-7600F model, with an acceleration voltage of 15 kV. In order to measure the UVvisNIR (Ultravioletvisible-near infrared) reflectance of the powder samples with a UVvisNIR Perkin-Elmer Lambda 750 spectrophotometer (with an integrating sphere attachment), all pigment powder samples were compressed in a mold to obtain a thin disk with a diameter of 3.2 cm and a thickness of 0.8 cm. Optical measurements were performed at 1 nm intervals over a range between 300 and 2000 nm. The NIR wavelengths region of 7802000 (nm) were selected because it contains about 80% of the total energy of the NIR region. 12) Examples of a general NIR mean-reflectance are the arithmetic mean reflectance. For conductivity measurements, about 5 g powder samples were pressed into pellets whose thickness and diameter are about 1 and 60 mm respectively. Every pellets were made by pressing the powder in a metal mold at 10 MPa for about 4 min. The resistance R(³) of each pellets was measured using a DJ9-EST121 digital high resistance measuring instrument at room temperature. The conductivity values ·(S/m) were then calculated in the following formula by using these resistance values: 13) · = [d/(SR)], where d(m) and S(m 2 ) is the thickness of each pellet and the area of the cylindrical electrode of the resistance instrument, respectively.
The band gap energy was obtained using the Kubulka-Munk (KM) reemission function which is used as a measure of absorption by the powdered samples. 14) The energy coordinate of the point on the low-energy side of the curve at which the linear increase in KM starts has been taken as the value of the forbidden energy gap. A plot of KM and wavelength is drawn and the absorption edge is determined from the plot. The value of the wavelength is substituted in the formula: E(eV) = (1236/Wavelength); where the wavelength is in nanometers. These results indicated the good formation of solid solutions with the concentrations investigated. This behaviour is expected as both Cr 3+ (0.061 nm), Ti 4+ (0.061 nm), and V 5+ (0.054 nm) have similar ionic radius. Figure 3 shows the XRD patterns of CT-2, 
Results and discussion
Powder X-ray diffraction analysis
NIR reflectance of M-doped Cr 2 O 3 (M¦Ti,V)
The NIR reflective spectra of Ti-doped Cr 2 O 3 pigment samples are shown in Fig. 4 . To allow for easy comparison, NIR reflectance at 1300 nm were chosen rather than the entire NIR wavelength region as reported elsewhere. 12) It can be observed that the order of NIR reflectance of Ti-doped Cr 2 O 3 samples at 1300 nm in Fig. 4 are as follows:
Moreover, depressions in the reflective spectra around D CT = 1236 nm (1eV) of samples (e.g, CT-3 and CT-4) can be observed. As a result, these samples exhibit lower NIR reflectance closer to that of pure Cr 2 O 3 . Besides, the band gaps of the pure Cr 2 O 3 and Ti-doped Cr 2 O 3 samples decrease from 2.93 to 2.42 (eV) ( Table 2 ). In Fig. 5 , similar results to that of Ti-doped Cr 2 O 3 were obtained for V-doped Cr 2 O 3 samples. The order of NIR reflectance at 1300 nm are:
Details are then described in the mean-NIR (7802000 nm) reflectance of the prepared M-doped Cr 2 O 3 (M=Ti,V) ( Fig. 6) .
As can be seen, all the Ti-doped Cr 2 O 3 samples exhibit higher mean-NIR reflectance compared to pure Cr 2 O 3 in the molar ratio range from 0 to 0.3. In comparison, however, only CV-1 and CV-2 among the synthesized V-doped Cr 2 O 3 samples give higher mean-NIR reflectance compared to pure Cr 2 O 3 in a much narrower molar ratio range from 0 to 0.02. In this respect, this means that the NIR properties of Ti-doped Cr 2 O 3 have more (Table 1 ). An issue is then raised by comparing the NIR reflectance of CT-2 and CV-4 (Figs. 4 and 5) to that of S9: whether the high NIR reflectance of S9 is due to the introduction of TiO 2 component in the raw materials. Hence, the sample CTAV-1, with the same nominal composition of S9, was then synthesized and characterized. For comparison, the NIR reflectance of CT-2 and CTA (with the same TiO 2 /Cr 2 O 3 and Al 2 O 3 /Cr 2 O 3 nominal mol ratio of CTAV-1 respectively) are also given. As shown in Fig. 7 , surprisingly, unlike CT-2 and CTA, CTAV-1 could not exhibit a higher NIR reflectance compared to pure Cr 2 O 3 by doping of Ti dopant. On the other hand, CTA exhibts a similar high NIR reflectance to that of CT-2, which indicates that the introduction of V dopant results in the low NIR reflectance of CTAV-1.
Clearly, the changes of compositions have a significant effect on the NIR reflectance properties of this series of pigments. By studying this phenomenon, it should be possible to identify some general features that can be used to understand the NIR reflectance of this class of materials.
As can be estimated from SEM images (Fig. 8) , the average particle sizes of the typical pigment powder samples CT-1, CT-4, and pure Cr 2 O 3 < 1¯m, with no definite changes in morphology. On the other hand, particles of CV-1, CV-4 and CTAV-1 are bigger and exhibit a more regular shape when comparing with pure Cr 2 O 3 . The images also reveal the presence of agglomeration, each agglomerate containing a number of grains. Hence, it is difficult to derive fully understandings from these SEM images to account for the observed trends in reflectance. Instead, the 
Consequently, the defect Eq. (3) can be affected by these V 000 Cr produced in the Eq. (4):
The concentration of free carriers in Ti-doped Cr 2 O 3 would then be smaller compared to pure Cr 2 O 3 because of the decrease of electron vacancies. This possible change in Ti-doped Cr 2 O 3 is consistent with the significant decrease of electrical conductivity (log ·) at room temperature compared to pure Cr 2 O 3 as shown in Fig. 9 . As can be seen, the log · value of pure Cr 2 O 3 powder disk is about ¹6.05, which is of the order of value reported elsewhere. 19) For Ti-doped Cr 2 O 3 with small amounts of dopant (e.g, CT-1), the powder could exhibit a much less log · value than that of pure Cr 2 O 3 , as also illustrated by V. Jayaramanet al. 20) However, as the amounts of dopant are increased, CT-2, CT-3 and CT-4 could show more or less similar log · values, presenting a decreasing trend in log · values when comparing with CT-1. This may explain the similarities in the NIR reflectance values of CT-2, CT-3 and CT-4 in the range of wavelength close to 2000 nm in Fig. 4 . As for the depressions of the reflective spectra observed around D CT = 1236 nm (1 eV), it could be explained on the basis of defect formation with Ti doping which introduces intermediate defect levels. 21), 22) Because light could be absorbed by electronic transition between defect energy levels within the band gap and the conduction band of Ti-doped Cr 2 O 3 . Figure 10 illustrates a schematic possible band structure model diagram with CT-4. As can be seen, intermediate defect levels get introduced between the valence band and conduction band by doping of Ti into the chromium matrix. The difference in band gap between the valence band and most of these defect levels was found to be 1.68 eV for CT-4. 21) Thus, photon absorptions could occur around D CT = 1236 nm (1eV) in these Ti-doped Cr 2 O 3 samples. On the other hand, higher Ti contents in CT-4 produced more quantities of these defect levels than that of in CT-1. Thereby the NIR reflectance of CT-4 is lower compared to CT-1.
As can be also seen in Fig. 9 , V-doped Cr 2 O 3 samples could exhibit smaller conductivity than pure Cr 2 O 3 , which can help us to know the higher NIR reflectance of CV-1 as discussed above in Ti-doped Cr 2 O 3 cases. Likewise, the incorporation of V dopant can bring V 000 Cr for charge-compensating: 13) 
As a result, V-doped Cr 2 O 3 samples with smaller concentration of dopant (e.g., CV-1) could exhibit higher NIR reflectance compared to pure Cr 2 O 3 . As for the lower values of NIR reflectance of CV-2 and CV-3, it may be mainly due to their higher conductivity than CV-1 as shown in Fig. 9 . Because electrons could be produced by V 000 Cr with increasing the V content in Cr 2 O 3 :
Thus, the concentration of free carriers in CV-2 and CV-3 could be bigger compared to CV-1. However, different from that illustrated in the reference, 13) with continuing to add V dopant in Cr 2 O 3 , CV-4 gave a conductivity as low as CV-1, not following its lower NIR reflectance as like that in CV-2 or CV-3 cases. This indicates that non-free carrier absorptions in NIR could also occur in CV samples. When comparing to the NIR reflectance of CV samples in Fig. 5 , depressions in the reflective spectra range from 1190 to 2000 nm (D CV ) could be observed as the V dopant raised (e.g., CV-3 and CV-4). This may be the main reason for the low NIR reflectance of CV-4. For making this trend clear, a NIR absorbance spectra of CV-3, CV-4 and CTAV-1 was made (Fig. 11) . In comparison, spectra of CV-3S was obtained by shifting the spectra of CV-3 to the highest absorbance value of the absorption peak Pcv of CV-4 at 1894 nm. Here, As = A(CV-3S)-A(CV-3), A1 = A(CV-4)-A(CV-3), and ¦A1 = A1-As. At 1894 nm, ¦A1 = 0, at P CV , ¦A1º0, indicating P CV of CV-4 is intensified when raising the contents of V dopant. As like Ti-doped Cr 2 O 3 , there are defect energy levels in V-doped Sunandana. 23) NIR photons at P CV may then be absorbed by these defect levels or during these reduction/oxidation reactions. Overall, in our CV samples, these absorptions may not only be correspondent to the free carriers, but also to the absorption peaks Pcv. Furthermore, it can be concluded that different amounts of V 000 Cr were produced by doping 1 mol % dopant in these doped Cr 2 O 3 pigments by comparing the Eqs. (4) and (5) to Eqs. (6) and (7), respectively. Thus, the different performances between Ti-doped Cr 2 O 3 and V-doped Cr 2 O 3 samples in Fig. 6 may be mainly linked to this matter.
On the other hand, the introduction of Ti and Al dopant in CV-4 (e.g., CTAV-1) could not wipe its P CV off (Fig. 11 ), but only change its conductivity ( Fig. 9 ). This indicates that the low NIR reflectance of CTAV-1 may be mainly due to P CV too, as like CV-4. This result is rather different from that reported by Thongkanluang T et al. 10) It may be connected with different industrial-like conditions in the experiments, such as using raw materials of Cr 2 O 3 with different commercial purity. In industrial production, it is of great significance to further study this matter in the future.
Conclusions
Experimental measurements reveal that the order of reflectance at 1300 nm for Ti-doped Cr 2 O 3 and V-doped Cr 2 O 3 samples are as follows:
CT-1 > CT-2 > CT-3 > CT-4 > Cr 2 O 3 ; CV-1 > CV-2 > Cr 2 O 3 > CV-3 > CV-4:
In addition, the mean-NIR reflectance plotted versus nominal compositions of the M-doped Cr 2 O 3 (M=Ti,V) samples showed that the NIR properties of Ti-doped Cr 2 O 3 have more stability than that of V-doped Cr 2 O 3 as the contents of the dopant are changed. Moreover, the investigation of NIR reflectance of CTAV-1 indicated that, the powder sample with a Cr 2 O 3 TiO 2 Al 2 O 3 V 2 O 5 composition of 80, 4, 14 and 2 wt %, respectively, could give a lower NIR reflectance compared to pure Cr 2 O 3 , but not higher as that presented by Thongkanluang T et al. 10) For Ti-doped Cr 2 O 3 , the decrease of concentrations of free carriers results in high NIR reflectance, while the electronic transition between defect energy levels within the band gap and the conduction band is responsible for the decrease of NIR reflectance. However, for V-doped Cr 2 O 3 , apart from free carrier light absorptions, there are new light absorption peaks range from 1190 to 2000 nm, resulting in the variations of the NIR reflectance. In view of the close correlation between the NIR reflectance and the compositons of these CCGP, these different results leave rooms for further research helping to explore new pigments able to match the demands better than present industrial products do.
